ABSTRACT The manual creation of complex 3D structures for use in engineering analysis is a major obstacle to analyzing physically realistic structures. A bias is invariably imposed when a mixture is manually composed, and the structure is rarely representative of the process by which composites are fabricated. Properties such as packing density and anisotropies that seem to easily occur in nature are very difficult to obtain with manual arrangements. This paper addresses the creation of complex 3D mixtures, comprising crystals embedded in a matrix, for subsequent electromagnetic (EM) analysis. The physically realistic arrangement of the crystals is facilitated by the use of physics engine software, specifically the Bullet physics library, which renders the realistic effects in advanced computer games. A composite mixture of crystals is created by pouring a series of random crystals into a box with the crystals bouncing against each other and aligning just as they do in the real world. Higher packing densities are obtained than can be reasonably obtained with manual construction. The arrangement of the obtained crystals reflects the real world alignment of asymmetric crystals. A composite is created here and used with EM simulation software to investigate energy localization in materials.
I. INTRODUCTION
Two of the biggest difficulties in the study of random materials are the inability of humans to make something truly random and the manual writing of an input language to describe the structures. However, significant research such as the detection and analysis of energetic materials [1] - [5] can be aided through the automated creation and simulation of complex crystalline mixtures. This paper uses the Bullet physics library [6] , traditionally used in gaming software, to create randomized non-overlapping irregular crystal shapes with various orientations and sizes that become part of a mixture with many crystals. This automated procedure can be run many times and can be used to create complex 3D crystal mixtures. Then this structure is imported into an electromagnetic (EM) simulation tool to study how electric energy localizes in situations of many irregular crystals.
II. MULTIPLE IRREGULAR CRYSTALS
A two-step process is required to perform EM simulation for mixtures involving many irregular crystals. First, a structure must be created (a nontrivial process for mixtures with many irregularly shaped and scaled non-overlapping crystals) before it can be simulated.
A. CREATION OF IRREGULAR CRYSTAL STRUCTURES
A model of a composite structure is created with physical simulation software using the Bullet physics library. First, a set of bounding planes is constructed to form an outer box. Then, variants of different irregular crystal shapes are created at random positions above the box. An example of two of these differently shaped irregular crystals is given in Fig. 1 .
To fill each outer box, approximately 500 individually scaled and rotated irregular crystals are created. For these studies a total of seven different crystal shapes are made before they are scaled and rotated. Each crystal has a nominal size of roughly 0.15 mm on each side, and each dimension is scaled by a factor ranging from 0.1 to 1 with a Gaussian distribution, to represent crystals of varying sizes within a mixture. Even at a scaling factor of 1, the size of a crystal is much smaller than the EM wavelength. The physics simulation library simulates the crystals falling into the box, rotating, pushing against each other and being moved by other crystals until they settle. The top of the box is closed with another bounding plane, deleting any crystals that extend outside of the box. At this point none of these irregular crystals are touching. This process of utilizing the falling crystals is repeated to obtain an array of unique structures. Each time the simulation is run a different mixture is created. Fig. 2 and Fig. 3 show two of these structures. The packing densities obtained by manually inserting crystals reached as high as 11%, while the packing densities from using the Bullet physics library reached 42%. This level is representative of the packing densities obtained with realistic structures [7] .
After creating the irregular crystalline mixtures, they can then be imported into other programs such as CST Microwave 
Studio
R for EM analysis using over 5,000,000 mesh cells and an 80 core machine with 160 GB of RAM and operating at 2.66 GHz.
B. MODELING OF IRREGULAR CRYSTALS IN CST
A structure with many irregular crystals is created at a certain volume fraction using the Bullet physics library with output of the physics library using visual basic for applications (VBA) code. The code is written against CSTs application programming interface (API) then imported into CST Microwave Studio for EM analysis. The structure in Fig. 2 is shown in Fig. 4 but now in the CST Microwave Studio environment VOLUME 1, 2013 FIGURE 5. The same mixture from Fig. 3 with waveguide excitation ports after it has been imported into CST Microwave Studio for EM simulation. along with waveguide excitation ports 1 and 2 used in simulation. Similarly, the complex mixture in Fig. 3 as seen within CST Microwave Studio is given in Fig. 5 .
By using CST Microwave Studio, an EM pulse can be propagated through the composite incident at either ports 1 or 2 in Figs. 4 and 5 . The time-domain solver within CST is used to propagate a Gaussian pulse (with frequency content of 0 to 50 GHz) through the mixtures in Figs. 4 and 5 . Results of this simulation can be used to study how EM energy behaves and localizes in time when travelling through these complex irregular mixtures.
III. ENERGY LOCALIZATION
In CST, the irregular crystals are given a relative permittivity of 28 surrounded by matrix material with a relative permittivity of 1, so that the permittivity contrast between the crystals and the surrounding material is high. Following EM simulation the near-maximum electric energy density obtained for the structure in Fig. 4 is shown in Fig. 6 , and for the structure in Fig. 5 in Fig. 7 . Both densities are at the specific time of 44 ps. In Fig. 6 , the electric field is polarized along the x axis and the EM wave propagates in the positive z direction (down). In Fig. 7 , the electric field is polarized along the x axis and propagation is in the negative z direction (up).
The combination of crystals in Fig. 6 is different than the combination of crystals in Fig. 7 , since the process of creating, scaling, and combining the crystals is performed independently. So, EM energy travels through a different combination of crystals with each EM simulation run and both structures show high electric energy density. Localization occurring on the edges and corners of the crystals is present for both Figs. 6 and 7, as has been presented previously for crystals with a fractal shape [8] .
IV. CONCLUSION
An automated creation method of irregular crystal based composites using the Bullet physics library has been used to study EM propagation through complex mixtures. Electric energy was found to localize on several of these irregular crystals. While it would be an arduous task to create each crystal individually by hand, the procedure described allows many irregular crystals to combine in close proximity with each other. Complex structures can therefore be created in a reasonable amount of time. Once the complex mixtures are formed, they can then be imported into other programs for further analysis.
